The fucose post-translational modification is frequently increased in pancreatic cancer, thus forming the basis for promising biomarkers, but a subset of pancreatic cancer patients does not elevate the known fucose-containing biomarkers. We hypothesized that such patients elevate glycan motifs with fucose in linkages and contexts different from the known fucose-containing biomarkers. We used a database of glycan array data to identify the lectins CCL2 to detect glycan motifs with fucose in a 3' linkage; CGL2 for motifs with fucose in a 2' linkage; and RSL for fucose in all linkages. We used several practical methods to test the lectins and determine the optimal mode of detection, and we then tested whether the lectins detected glycans in pancreatic cancer patients who did not elevate the sialyl-Lewis A glycan, which is upregulated in ~75% of pancreatic adenocarcinomas. Patients who did not upregulate sialyl-Lewis A, which contains fucose in a 4' linkage, tended to upregulate fucose in a 3' linkage, as detected by CCL2, but they did not upregulate total fucose or fucose in a 2' linkage. CCL2 binding was high in cancerous epithelia from pancreatic tumors, including areas negative for sialyl-Lewis A and a related motif containing 3' fucose, sialyl-Lewis X. Thus glycans containing 3' fucose may complement sialyl-Lewis A to contribute to improved detection of pancreatic cancer. Furthermore, the use of panels of recombinant lectins may uncover details about glycosylation that could be important for characterizing and detecting cancer.
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Introduction
Specific glycan motifs may serve as effective biomarkers for epithelial cancers such as pancreatic cancer. A glycan that has increased production by the majority of pancreatic adenocarcinomas is sialyl-Lewis A. The sialyl-Lewis A glycan, detected using the CA19-9 monoclonal antibody 1, 2 and related antibodies 3 , is the current best biomarker for pancreatic cancer, showing elevations in the blood of about 75% of patients with pancreatic adenocarcinoma 4 . The CA19-9 test is useful as a monitor for disease responses or to confirm diagnosis in cases of extreme elevation. But because it is not elevated in a significant subset of patients and is elevated in some cases of benign biliary obstruction or other noncancerous conditions 4 , its performance is inadequate for cancer detection or diagnosis.
Previous research suggests that abnormal glycan production is a common feature of pancreatic cancers, including those without blood elevations of CA19-9. Immunohistochemistry studies show that increased secretion of Lewis and ABO blood group glycans is a near-universal feature of pancreatic adenocarcinoma 5 , and truncated Olinked glycosylation resulting in the Tn and sialyl-Tn antigens occurs in almost all epithelial cancers 6 and pancreatic cancers in particular 7 . Furthermore, some of the CA19-9-low tumors elevate a glycan called sialyl-Lewis C, detected with the monoclonal antibody Dupan-2 8, 9 . Sialyl-Lewis C elevations occur mainly in the 5% of people who have homozygous germline mutations in a gene called FUT3, resulting in the inability to form sialyl-Lewis A 10 . But the above glycan motifs have not yet proven valuable in a biomarker panel for pancreatic cancer detection. If a particular glycan were elevated in the patients who are low in CA19-9, it could be valuable as part of a biomarker panel. Several studies have linked increased fucose levels to disease 11 and have shown that the fucosylated forms of specific proteins make promising biomarker of cancer [12] [13] [14] [15] . In fact, the sialyl-Lewis A glycan contains fucose in the motif Siaα2-3Galβ1-3(Fucα1-4)GlcNAc (where Sia is sialic acid, Gal is galactose, Fuc is fucose, and GlcNAc is Nacetylglucosamine). But most studies have not provided information on the relative importance of particular fucose linkages or contexts. The location and surrounding context of the fucose has critical importance. For example, if it is on the 2' carbon of a galactose, it can contribute to the precursor for ABO blood group structures, whereas on the 3' or 4' of a GlcNAc in N-acetyl-lactosamine it can contribute to the formation of Lewis blood group structures that can be ligands for selectin receptors 16 . Such configurations can influence cell trafficking, immune cell migration, receptor activity, and bacterial binding to the gut, among other functions 11 . Considering the potential contributions of fucosylated glycans to cancer-promoting functions and the consequences of subtle changes in fucosylation, distinct fucose-containing motifs could characterize the tumors that do not make sialyl-Lewis A.
A powerful approach to getting more detail about fucosylated glycans in clinical samples is to use the exquisite specificity available from glycan-binding antibodies and lectins 17, 18 . Lectins can distinguish between linkages or other nuances of the overall oligosaccharideinformation not easily accessible using mass spectrometry or chromatography methods. In addition, lectins function well in in-vitro assays that use small amounts of sample and that have the throughput and precision needed for biomarker studies, and they are amenable to recombinant production for high-content screening studies [19] [20] [21] .
We previously developed a database of analyzed glycan array data 22, 23 . This tool allowed us to identify a set of lectins that could serve to probe complementary presentations of fucose. We developed and validated the recombinant lectins and used antibody-lectin sandwich arrays to test whether specific fucose presentations characterize subsets of pancreatic cancer patients, particularly those who do not elevate sialyl-Lewis A.
acid Avitag 26 functions as a defined biotinylation site that in combination with the biotin ligase BirA expressed from the second expression unit is quantitatively biotinylated in E. coli in the presence of 40 µM biotin. To express lectins with Nterminal His8-tag and C-terminal Avitag, open reading frames encoding the fusion proteins were PCR-engineered (Table S2 ). The products were inserted between the Nco1 and Not1 restriction site of the pET-Duet1 variant that expressed BirA from the second expression cassette. CGL2 has an internal NcoI site that was mutated without change of the lectin protein sequence. The primer details used for amplification and site directed mutagenesis is shown in Supplementary Table 1 .
Construction of His8-Lectin-Avitag expression vector-
Protein expression and purification-The plasmids carrying Avitag-Lectin-His 8 and His 8 -Lectin-Avitag proteins were overexpressed in E.coli BL21(DE3) (Novagen) cells. The transfected cells were grown in LB medium containing ampicillin (50 µg/mL) to an A 600 of 0.6 at 24 °C. Protein expression was induced by 0.1 mM isopropyl β-D-1thiogalactopyranoside. For in-vivo biotinylation of tagged lectin proteins, 40µM biotin was added during induction. After induction, the cells were grows at 16 °C overnight. The cells were harvested by centrifugation at 4000 rpm using the H12000 rotor (Thermo Scientific) and resuspended in lysis buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 25 mM imidazole, and 5% glycerol. The resuspended cells were lysed using a French Press homogenizer at 10000 psi. The crude lysates were centrifuged at 18000 rpm in an SS-34 rotor (Sorvall) for 30 minutes at 4 °C, and supernatants were loaded on nickel-chelate-Sepharose HP columns (GE Healthcare). The columns were extensively washed with buffer containing 50 mM Tris-HCl (pH7.5), 400 mM NaCl, and 25 mM imidazole, and eluted with buffer composed of 50 mM Tris-HCl (pH7.5), 150 mM NaCl, 250 mM imidazole, and 5% glycerol. The eluted protein was further purified by chromatography using a Superdex 200 or 300 gel filtration column (GE Healthcare) in buffer composed of 50 mM Tris-HCl (pH7.5) and 150 mM NaCl. In the case of the His 8 -Lectin-Avitag fusion proteins, an additional anion exchange chromatography (GE Healthcare) step was performed to remove unwanted protein bands that were observed with those constructs. Selected fractions from the chromatography were analyzed by SDS-PAGE with Coomassie-blue staining.
Analytical Size-Exclusion Chromatography
We analyzed each lectin using analytical-scale size-exclusion chromatography (Shimadzu Prominence UFLC, using the Sepax Nanofilm SEC-500 column (#201500-4615, Sepax Technologies). We injected 18 µL of each sample in 50 mM Tris-HCl buffer (pH 7.5), with 150 mM NaCl as mobile phase for 12 minutes at a flow rate of 0.3 mL/min. We analyzed each lectin in pure form, and in separate runs we pre-incubated each lectin with Cy-5 conjugated anti-polyHis and Cy5 conjugated streptavidin for 1 hour at a 2:1 molar ratio of secondary reagent to lectin. We recorded UV absorbance with respect to time.
Thermal Shift Assays
A 10 µL reaction volume was used in 96 well plates. The reaction consisted of 2 µg of protein, 1 µL of 50X diluted stock of SYPRO Orange dye (Invitrogen Life Technologies), and TBS buffer with or without ligand oligosaccharide. We purchased the oligosaccharides Blood Group B type 2 tetrasaccharide (#G422, V-Labs, Covington, LA), Glycyl-2'fucosyllactose (#NH302), Lewis X trisaccharide (#LN303), and Glycyl-lacto-N-tetraose (#NH403). We incubated each oligosaccharide with the lectin at various molar ratios on ice for 30 minutes. We used a real-time PCR system (Step One Plus, Applied Biosystems) to run a melt curve program at a ramp rate of 1° C and a temperature range of 30° C to 100° C. We recorded fluorescence at each temperature.
Glycan Array Analysis
The glycan synthesis and array core facility of the Consortium for Functional Glycomics (CFG) performed the glycan array experiments and the primary analysis according to the methods presented previously 27 . We downloaded data from www.functionalglycomics.org that previously had been obtained using lectins and glycan-binding antibodies supplied by various investigators. In addition, we sent the recombinant version of CCL2 with biotinylation at the C-terminus to the CFG core facility for processing on their glycan array version 5.2. For detailed analyses of the datasets, we used the GlycoSearch analysis program 28 , and for mining glycan array data to find particular lectins, we used the GlycanBinder database 23 , which derives information from the CFG website.
Immunohistochemistry Analysis
We used automated staining (Ventana Discovery Ultra) to perform immunohistochemistry (IHC) on sections cut from formalin-fixed, paraffin-embedded blocks. We used the same protocol for the anti-sLeA (9L426), anti-sLeX (CSLEX1) primary antibodies and CCL2 lectin: antigen retrieval using the Ventana CC1 buffer for 36 minutes at 95 °C; primary antibody incubation at a 1:200 dilution and CCL2 incubation at 15 µg/mL for 32 minutes at 37 °C; and secondary antibody (Ventana Umap HRP-conjugated anti-mouse) for 12 minutes at 37 °C. The development step used the diaminobenzadine chromagen according to preset parameters in the Ventana platform.
Antibody-Lectin Sandwich Array Analysis of Plasma Samples
Plasma sample collection-All collections took place at the University of Pittsburgh Medical Center following informed consent of the participants and prior to any surgeries or procedures. All blood samples were collected according to the standard operating procedure from the Early Detection Research Network and were frozen at −70 °C or colder within 4 hours of time of collection. Aliquots were shipped on dry ice and thawed no more than three times prior to analysis.
Antibody array fabrication and use-The antibody array methods followed those presented earlier [29] [30] [31] with slight modifications. We printed forty-eight identical arrays containing various antibodies (Table S1 ) onto glass microscope slides coated with ultrathin nitrocellulose (PATH Slides, Grace BioLabs) using a contact printer (Aushon 2470, Aushon BioSystems). We printed six replicates of each antibody in randomized positions within each array. After printing, hydrophobic borders were imprinted onto the slides (SlideImprinter, The Gel Company, San Francisco, CA) to segregate the arrays and allow for individual sample incubations on each array.
The arrays were blocked using 1% bovine serum albumin (BSA) in phosphate buffered saline (PBS) plus 0.5% Tween-20 for one hour at room temperature. The slides were rinsed in 0.5X PBS plus 0.1% Tween-20, washed in the same buffer for 15 minutes, and dried by brief centrifugation at 160×g, with printed arrays facing outside.
To prevent lectin binding to the spotted capture antibodies, we treated the spotted antibodies (in the arrays to be detected with RSL, CGL2, or CCL2) with an enzyme to remove their glycans. We incubated PNGaseF (P0704S, New England Biolabs) diluted 1:100 in enzyme reaction buffer on each array at 37 °C for 12 hours, and then washed and dried the arrays.
The plasma samples were diluted two-fold into PBS containing 0.1% Tween-20, 0.1% Brij-35, an IgG blocking cocktail (200 µg/mL mouse and rabbit IgG and 100 µg/mL goat and sheep IgG (Jackson ImmunoResearch)) and protease inhibitor (Complete Mini EDTAfree Tablet, Roche Applied Science). After briefly washing the arrays in PBS/0.1% Tween-20, the samples were incubated on the arrays overnight at 4 °C. The arrays were washed in three changes of PBS/0.1% Tween-20 for three minutes each and dried by centrifugation (Eppendorf 5810R, rotor A-4-62, 1500×g for three minutes), and a biotinylated lectin or antibody (3 µg/mL in PBS with 0.1% BSA and 0.1% Tween-20) was incubated on the arrays for one hour at room temperature. After washing and drying the arrays as above, Cy5-conjugated streptavidin (Roche Applied Science) prepared at 2 µg/mL in PBS with 0.1% BSA and 0.1% Tween-20 was incubated for one hour at room temperature, followed by a final wash and dry. The fluorescence images were acquired as above.
Analysis and Data Processing
We used the software GenePix Pro 5.1 (Molecular Devices, Sunnyvale, CA) to quantify and analyze the images using both automatic and manual spot finding features. The intensity of each spot was calculated by subtracting the local background from the median intensity of each spot. The quantified results for each image were further processed using the Grubb's test to remove outlier spots among the six replicates for each spotted antibody or protein.
The remaining replicate spots were used to calculate the geometric mean for each captured protein or antibody.
The results were processed using Microsoft Office Excel, and the figures were prepared using GraphPad Prism (GraphPad Software) and Canvas XIV (ACD Systems).
Results
Identifying Lectins Binding Diverse Fucose Presentations
A variety of common motifs contain fucose in the α1-2, α1-3, α1-4, or α1-6 linkages ( Fig.  1A ). We queried a database called GlycanBinder, which contains raw data, analyzed data, and metadata from publicly-available glycan array experiments 23 , to identify lectins that have high probabilities of binding motifs containing each linkage (Fig. 1B) . The queries returned lectins that could be used to detect fucose in all linkages or in particular linkages ( Fig. 1C and Tables S3-S6 ). For example, the lectin from Ralstonia solanum (RSL) 32 binds fucose in all linkages; Coprinopsis cinerea lectin 2 (CCL2) 33 binds motifs containing fucose in the α1-3 linkage but not in the 2', 4', or 6' linkages; and Coprinopsis cinerea galectin 2 (CGL2) 34 binds motifs containing fucose primarily in the α1-2 linkage (Fig. 1C) . We were not able to find a lectin that exclusively bound fucose in the α1-4 or α1-6 configurations. The glycan array data did show that the lectins from Pisum sativum and Lens culinaris may be specific for 6'-linked fucose (Table S6) , as reported earlier 35 , but a closer examination of the glycan array data suggested a requirement for certain mannose linkages in each cases, rendering them not exclusive binders to 6'-linked fucose. We did not have glycan array data for the lectin from Pholiota squarrosa, described by Kobayashi and coworkers as specific for α1-6 fucose 36 .
We more fully analyzed the glycan array data for CCL2, CGL2, and RSL to better characterize their binding specificities. We previously developed a method called Motif Segregation 37, 38 and software called GlycoSearch 23, 28 to analyze glycan array data. RSL bound fucose regardless of the presentation: all glycans containing fucose had higher levels than those that did not (glycan array data not shown). CCL2 mainly bound fucose in a 3' linkage, but with some limitations: If a fucose was present on an adjacent monosaccharide in a 2' linkage (e.g. Fucα1-2Galβ1-4(Fucα1-3)GlcNAcβ, the Lewis Y motif), no binding occurred, and if the motif was close to the spacer (and the array surface), no binding occurred. CGL2 mainly bound motifs similar to blood group A and blood group B (e.g. Galβ1-3(Fucα1-2)Galβ1-4), as well as blood group H (Fucα1-2Galβ1-4). CGL2 also bound glycans terminating in 3SO4Galβ in the absence of fucosylation, but nearly all the glycans bound by CGL2 contain fucose in a 2' linkage but not in any other linkage (glycan array data not shown). Therefore the motifs bound by CCL2 and CGL2 are mutually exclusive and contain fucose in a 3' and 2' linkage, respectively.
Ulex europeaus agglutinin (UEA-1), frequently used to detect fucose in a 2' linkage, did not appear in our search. A closer examination of the UEA glycan array data showed that it is mainly a blood group H binder, but that in many cases it does not bind where Fucα1-2Galβ is present (analysis not shown). These cases mainly are where the 3' carbon of the galactose is occupied (which is not blood group H) and where the galactose is linked to the 3' carbon of the next saccharide (as in Type 1 blood group H). Therefore UEA-1 is not as general as CGL2 for binding motifs containing fucose in a 2' linkage.
Effects of Fusion Tags On Native Multimer Formation and Glycan Binding
We selected RSL, CCL2, and CGL2 for recombinant production and testing. Because we did not know which terminus would function best for tagging and detection, or which tag would work best, we produced two different versions of each lectin. In one version, we placed a poly-histidine on the N-terminus and a biotin-via the Avitag construct 26 -on the C-terminus, and in the other version, the tags were switched.
The lectins form multimers in their natural states ( Fig. 2A) , so we examined the relative amounts of monomer and multimer using size-exclusion chromatography followed by polyacrylamide gel electrophoresis. Both constructs for each lectin produced the correct size of monomeric lectin ( Fig. 2B and Fig. S1 ), but the formation of multimers was different between the constructs. For RSL, the version with biotin at the C-terminus properly formed a trimer, but the version with biotin at the N-terminus tended to dimerize (Fig. 2B) . The N-terminus of RSL is more centrally located in the trimeric structure than the C-terminus ( Fig.  2A) , so the larger Avitag on the N-terminus could be more disruptive than poly-histidine. Similarly for CCL2, the version with Avitag at the C-terminus formed trimers (Fig. S1 ), but the N-Avitag version just formed the monomer. The C-terminus could be farther removed from the subunit interfaces, based on the crystal structure of the monomeric form of CCL2 ( Fig. 2A) . (A crystal structure for multimeric CCL2 is not available.) Recent research similarly found that N-terminal tagging of CCL2 disrupted dimer formation (M. Kuenzler, personal communication). For CGL2, the N-terminus Avitag version formed trimers and the C-terminus Avitag version formed dimers (Fig. S1 ). The crystal structure of CGL2 shows that its native form is as a tetramer ( Fig. 2A) , so potentially the presence of the tags destabilizes the full tetrameric form but allows the formation of trimers. Thus we obtained proper production of each version of each lectin, but for RSL and CCL2, the biotin at the Nterminus was more disruptive to multimer formation than biotin at the C-terminus.
We used thermal shift assays, analytical size-exclusion chromatography, and binding to protein arrays to test the glycan binding capabilities of the lectins (Fig. S2 ). The assays confirmed proper glycan binding for each version of each protein, and they confirmed that both the poly-histidine and biotin tags were accessible to the secondary detection reagents at each terminus.
Differences Between the Lectins in Cancer-Specific Binding
At this point we were able to test the hypothesis that subsets of pancreatic cancer patients elevate fucose-containing motifs besides sLeA. We used antibody-lectin sandwich arrays 29 to analyze plasma samples from pancreatic cancer and control subjects. For each lectin we used the version that was biotinylated at the C-terminus, based on the better multimerization and generally higher signals when incubated on the glycoprotein arrays, as compared to the version with biotin at the N-terminus (data not shown).
We selected plasma samples from pancreatic cancer patients who were either elevated or not elevated in sLeA (as determined in previous research 31 ), along with samples from patients with pancreatitis and from healthy individuals. We incubated each sample on multiple antibody arrays, and we probed each array with one of the lectins or an antibody (Fig. 3A) . The arrays contained 9 different antibodies (Table S1 ) targeting sialyl-Lewis A or other cancer-associated glycans.
Sialyl-Lewis A levels, measured using anti-sLeA detection at two different anti-sLeA capture antibodies, were elevated in three of the cancer patient samples relative to the control samples (Fig. 3B ). Probing the same capture antibodies with CCL2 showed overlapping but divergent results (Fig. 3C ). Using two different sialyl-Lewis A capture antibodies, some of the cancer samples that did not have elevations in sLeA showed elevations in CCL2 detection, along with moderate elevation in two control subjects on one of the two captures. In contrast, both CGL2 and RSL showed no cancer-associated elevations on the sialyl-Lewis A antibodies ( Fig. 3D and 3E ) or on any other antibody (not shown). Thus total fucose levels (detected with RSL), and fucose in 2' linkages (detected with CGL2), were not elevated in the cancer patients relative to the controls, but certain cancer patients who did not produce fucose in the 4' motif (detected with sialyl-Lewis A antibodies) produced fucose in the 3' motif instead (detected with CCL2).
Determining the Specificity of Recombinant CCL2 by Glycan Array
Because the recombinant CCL2 showed the most promise for cancer-specific detection, we characterized its binding specificity in more detail. We incubated CCL2 that was tagged with C-terminus biotin on the version 5.2 glycan array from the CFG at three different CCL2 concentrations, and we detected CCL2 binding with Cy5-labeled streptavidin. Similar to the purified, native CCL2 (Fig. 4A) , the recombinant CCL2 exclusively bound glycans containing 3' fucose (Fig. 4B) . The newer glycan array included glycans with fucosylated LAc-di-NAc, which is GalNAcβ1,4(Fucα1,3)GlcNAc. CCL2 bound glycans containing this fucosylated LAc-di-NAc, indicating CCL2 does not simply bind Lewis X, which is Galβ1,4(Fucα1,3)GlcNAc. As observed with native CCL2, recombinant CCL2 only binds 3'-linked fucose in the absence of neighboring 2' fucose ( Fig. 4C) . These data demonstrate that neither the fusion tag nor alterations to the quaternary state of CCL2 affected its binding specificity.
Probing the CCL2 Target Glycans As a Candidate Biomarker
We further explored the preliminary findings in a larger set of samples, consisting of 27 samples from pancreatic cancer patients and 17 samples from patients with acute or chronic pancreatitis. Using a cutoff chosen to optimize accuracy of discriminating cases from controls, 14 of the cancer cases and 3 of the controls were elevated in sLeA (Fig. 5A) . Detection with CCL2 of the same samples and the same capture antibody showed elevations in some of the samples that were not elevated in the sLeA sandwich assay, using a cutoff that gave only 1 false-positive elevation (Fig. 5B ).
We further analyzed CCL2 detection in a set of 200 plasma samples, collected from 109 patients with pancreatic cancer and 91 patients with benign pancreatic disease, including chronic/acute pancreatitis and benign biliary obstruction. Capture with either anti-sLeA or anti-sialyl-Lewis X (sLeX) followed by CCL2 detection resulted in statistically significant discrimination of the cases from controls (Fig. 5B ). CCL2 detection also functioned well for detecting a glycoform of captured MUC5AC that was significantly elevated in pancreatic cancer.
The sLeX glycan, which contains fucose in a 3' linkage, previously was found elevated in the tissue of about 30% of pancreatic cancers 39 , so it potentially was the main glycan bound by CCL2 in pancreatic cancer. To determine whether CCL2 detects a different group of patients than either sLeA or sLeX, we directly compared the binding levels between detection with CCL2 and detection with either anti-sLeA or anti-sLeX. Clearly divergent groups of cancer patients were elevated in the various assays; some patients were exclusively elevated with CCL2 detection. This result indicates that CCL2 is not simply binding sLeX-as also shown by the glycan array data (Fig. 3 )-and that CCL2 provides complementary detection to both sLeA and sLeX.
CCL2-Bound Glycans in Pancreatic Tumors
We next asked whether CCL2-detected glycans were produced in the tumor tissue of patients with elevated plasma levels and whether CCL2-bound glycans have similar expression to those detected by sLeA and sLeX antibodies. We obtained matched tumor tissue and plasma from 14 patients who had a surgical resection for pancreatic cancer. A comparison of the plasma levels of sLeA and CCL2 detection (using the assays shown in Fig. 5A ) agreed with the previous results, in that selected cancer samples showed elevations in one or the other assay (Fig. 6A) .
The CCL2 staining was strong in the neoplastic epithelia of most of the tumors (Fig. 6B and  S3 ). The high staining in the secretory epithelial cells is consistent with the concept that the plasma elevations are due to secretions from the cancer cells, although the levels did not necessarily match between plasma and tissue. The CCL2 staining was higher than sLeA in some cases, showing the potential of CCL2 as a complementary marker to sLeA. Furthermore, the staining pattern of CCL2 was different also than that of sLeX, indicating that the cancer-associated glycan bound by CCL2 is not simply sLeX.
Discussion
In this study, we used a novel experimental approach to uncover information about cancer glycosylation that could have relevance to cancer detection. The approach involved the use of a new database to search for lectins with particular characteristics; recombinant production of two variants each of lectins with complementary specificities for fucose; and the testing of the lectins for cancer detection using a microarray format. We found that one lectin in particular, CCL2, bound glycans that are overexpressed in a subset of pancreatic cancer patients that does not show elevations in the current best biomarker for pancreatic cancer, sialyl-Lewis A. If this result is validated in larger sets, assays using CCL2 or reagents with a similar specificity could be used in combination with assays for sLeA to provide more accurate detection of cancer than currently possible. Furthermore, this finding supports the general hypotheses that subsets of patients are characterized by distinct glycans, and that additional glycans to further improve cancer detection are yet to be found.
An advantage of using lectins is that they already exist in nature; we can tap into the glycanbinding capabilities already discovered, which cover an increasingly broad range of motifs as researchers find more and more lectins. But identifying a lectin with an unusual specificity, or even obtaining a clear characterization of a lectin's specificity, could be difficult. The available information about lectins is often minimal and found in obscure journals. The GlycanBinder database addresses this limitation by incorporating analyzed data, raw data, and metadata from thousands of glycan array experiments. The database was valuable for this research by enabling identification of lectins that bind outer-arm fucose in particular linkages, as opposed to the well-known fucose-binding lectins that bind most linkages. We expect that the database will be useful for a broad range of studies. A webaccessible version is in development, as well as a version that incorporates glycan array data from other platforms besides the CFG's.
Recombinant production of the lectins was preferable to purification from natural sources because we could achieve higher purity and have control of the tagging process. But the recombinant production of lectins also has the possibility of altering glycan binding. We therefore used a series of practical assays to test the glycan binding activity of the lectins and to compare between four modes of detection for each lectin. The methods we usedsize-exclusion chromatography, thermal shift assays, competition assays, and binding to immobilized glycoproteins-combined with an analysis of features of the crystal structures, enabled us to find the optimal mode of detection for each lectin. In each case, the best mode was the biotin tag on the C-terminal. This mode appears to be best because the C-terminus is more accessible than the N-terminus and because the comparatively bulky Avitag is less disruptive to native multimerization when on the Cterminus. Whether this system is best for all recombinant lectins is not known; likely one would need to test and optimize each lectin. The approaches used here provide a practical strategy for such optimization.
Of the three lectins, only CCL2 detection showed elevations selectively in the cancer patients. Since CCL2 binds motifs containing 3' fucose, mainly in the Lewis X and sialyl-Lewis X glycans, its elevation in patients low in sialyl-Lewis A suggests alternative paths of glycan synthesis, involving production of Lewis antigens with 3' fucose in the absence of production of Lewis antigens with 4' fucose. But because CCL2 detection did not correlate with sLeX detection, the elevations in CCL2 detection are not simply due to sLeX; other glycans are elevated that contain 3' fucose. Further research could obtain more information about such glycans. In addition, further studies should address whether a biomarker panel combining CCL2 detection with sLeA detection can provide improved discrimination of pancreatic cancer from non-cancer conditions. If the improvement is validated, these and related glycans could form tests with performance good enough to be used for the detection and diagnosis of pancreatic cancer.
Previous studies also found over-expression of sLeX in some pancreatic tumors. In an immunohistochemistry study of 30 patients with pancreatic cancer, sLeX staining was present in 30% of patients, relative to sLeA staining in 87% of patients 39 . This relative rate of sLeA and sLeX staining generally agrees with our findings, but the study did not examine plasma or the use of alternate glycans to detect cancers that are low in sLeA. A recent study using high-throughput glycan analysis using chromatography and glycosidase digestions found that the plasma protein ceruloplasmin carries elevated levels of sLeX in patients with pancreatic cancer 40 .
Other studies investigated the idea that other glycans besides sLeA could be useful for the detection of pancreatic cancer. Many studies used monoclonal antibodies that, like the CA19-9 antibody, were raised by immunization with cancer cells. Combinations of CA19-9 with various antibodies such as CA 50 41 , Span-1 41 , CA 242 42 and others generally produced minimal added value over CA19-9 alone. Perhaps the most promising antibody for this purpose was DUPAN2 8 , which binds a non-fucosylated relative of sLeA called sialyl Lewis C 43 (Siaα2,3Galβ1,3GlcNAc ). Separate studies demonstrated that some of the CA19-9-low patients show elevations in DUPAN-2 9, 44 , but a biomarker panel based on these assays never became established. Miyamoto and coworkers found increased levels of a novel glycan, 6-sialylated, type-1 H antigen, in 3 out of 6 pancreatic tumors that were negative for CA19-9 45 , but the researchers did not demonstrate this structure as a blood biomarker.
An interesting feature of the result with CCL2 was that the higher 3-linked fucose was not widespread over all capture antibodies; it was on particular capture antibodies such as anti-sLeA (Ab1) (Fig. 5C ), representing the co-expression of 3' fucose and sialyl-Lewis A. This observation may indicate that the co-expression of certain motifs-on the same molecule or on physically-linked molecules-is as important as the elevated expression of individual motifs. The elevation of two linked motifs may reflect biological effects. For example, specific groupings of glycans could cluster cell-surface receptors to induce signaling [46] [47] [48] . The use of a "hybrid" sandwich assay-the capture and detection of different glycans-may be a useful way to examine the co-expression of particular glycans, and to evaluate the use of such molecules as biomarkers.
We are only beginning to understand some of the biological information contained in glycosylation 49 . An effective way to probe the information in biological samples is to use recombinantly-produced, fusion-tagged lectins. The approach demonstrated here adds to the available options for finding and using lectins in biomedical research. Using this approach, we found that glycans detected by CCL2-those with fucose in a 3' linkage-are overexpressed in a subset of pancreatic cancer patients that does not elevate sLeA. We intend to pursue the possibility that the detection of such glycans with complementary patterns of elevation in subsets of pancreatic cancer patients could result in improved detection of pancreatic cancer.
Figure 1. Identification of lectins recognizing specific fucose linkages
A) Each fucose linkage appears in a variety of basic motifs, with several variants beyond those shown. B) We queried the GlycanBinder database to identify the lectins with the highest probability of binding α1-2, α1-3, α1-4, or α1-6 fucose. We examined the output to identify those that were selective for one of the motifs and further analyzed the glycan array data of particular lectins to characterize specificity. C) Certain lectins bind motifs containing fucose in all linkages, but other lectins bind motifs containing fucose only in specific linkages. The numbers are the Motif Scores, which indicate the probability that a 
Figure 2. Purification and assessment of multimeric lectins
A) The crystal structures obtained from the PDB show the tetrameric conformation of CGL2 and the trimeric form of RSL. Only the monomeric form was available for CCL2. For each lectin, the C-terminus is more extended from the protein than the N-terminus. B) We used size-exclusion chromatography (top) to purify and assess the size and state of both versions of the trimeric RSL (data for other two lectins shown in Fig. S1 ), and we analyzed selected fractions by polyacrylamide gel electrophoresis (bottom). For RSL, both versions produced the right size of monomer, but the version with Avitag on the C-terminus formed more
